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Summary
We attempt to classify protein-DNA complexes by us-
ing a set of 11 descriptors, mainly characterizing pro-
tein-DNA interactions, including the number of atomic
contacts at major and minor grooves, conformational
deviations from standard B- and A-DNA forms, widths
of DNA grooves, GC content, specificity measures of
direct and indirect readouts, and buried surface area
at the complex interface. The cluster analyses were
carried out for a unique set of 62 complexes including
a variety of protein motifs, and 7 distinct clusters
were revealed from the analyses. We found that
some proteins with the same motif are classified into
different clusters, whereas different proteins with
distinct motifs are classified into the same cluster.
These results suggest that the conventional motif-
based classification of DNA binding proteins may
not necessarily correspond to structural and func-
tional properties of protein-DNA complexes, and
that the present classification will help to identify
common properties and rules that govern protein-
DNA recognition.
Introduction
Proteins that bind to specific DNA target sites play es-
sential roles in all aspects of gene regulation. In recent
years, structural and biochemical studies have been de-
voted to characterizing protein-DNA recognition (Sarai
and Takeda, 1989; Pabo and Sauer, 1992; Steitz, 1993;
Luisi, 1995). To date, more than 1,000 structures of dif-
ferent protein-DNA complexes have been determined
(Deshpande et al., 2005) and have been previously over-
viewed for classifications (Luscombe et al., 2000). These
structures have revealed distinct types of structural mo-
tifs of proteins such as helix-turn-helix (HTH) and zinc
finger (Zn-finger) motifs. While each class of proteins ex-
hibits a rather similar binding mode with DNA, proteins
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ture, the mode of interactions, and the wide range of
recognition sequences. Also, different types of proteins
are combined to form a molecular complex in the
promoter region to provide highly cooperative regula-
tion of gene expression. Thus, the conservation of
a structural motif in proteins may not necessarily dictate
the way by which DNA sequences are recognized, and
the relationship between the classification of DNA
binding proteins based on the protein motif and the
functional characteristics of protein-DNA recognition is
not so obvious. In particular, it remains to be clarified
whether proteins within the same class use a similar
mechanism of sequence recognition, and whether
different classes of proteins share some common
mechanisms.
There have been a number of statistical analyses that
have been used to determine the general principles of
protein-DNA interaction. With respect to the contacts
between protein and DNA, various interactions, includ-
ing hydrogen bonding (Mandel-Gutfreund et al., 1995;
Luscombe et al., 2001) C-H$$$O (Mandel-Gutfreund
et al., 1998), cation-p (Wintjens et al., 2000; Rooman
et al., 2002; Gromiha et al., 2004a), and water mediation
(Reddy et al., 2001), have been studied. The other anal-
yses include the physicochemical properties, namely,
amino acid sequence composition, solvent accessibil-
ity, electrostatics (Ahmad et al., 2004; Ahmad and
Sarai, 2004), polarity, packing, DNA conformation pa-
rameters, interface area (Nadassy et al., 1999; Jones
et al., 1999), and spatial relationships at the protein-
DNA interface (Pabo and Nekludova, 2000). All such
studies focused mostly on a subset of features and
thus may not lead to a unified understanding of protein-
DNA recognition.
Here, we attempt to classify protein-DNA complexes
based on a clustering approach by taking into account
most of the key structural parameters involved in the
recognition process and by identifying the patterns
and relationships existing in different subgroups of the
complexes. In the present analysis, we have used 11 pa-
rameters to classify a data set of 62 protein-DNA com-
plexes. The computed parameters specify important
properties of both protein and DNA upon binding, such
as the number of atomic contacts, GC content, DNA
conformation and parameters, and buried interface
area. We also included statistical energy Z-score values
for direct and indirect readouts with which we recently
quantified the specificities of protein-DNA interactions
(Selvaraj et al., 2002; Gromiha et al., 2004b). Thus, these
parameters serve as unique variables or descriptors that
form the basis for our cluster analysis. We will compare
the classification based on the present analysis with the
conventional motif-based classification, and we will
show that some proteins with the same motif are
classified into different clusters whereas different
proteins with distinct motifs are classified into the
same cluster. We will discuss a possible implication of
these results for the mechanism of protein-DNA
recognition.
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1356Figure 1. Dendogram of 62 Protein-DNA Complexes Obtained by a Hierarchical Cluster Analysis
A hierarchical tree (obtained by Ward’s method) is depicted with seven clusters, and the exemplars are shown in bold type.Results
Analyzing the Number of Clusters in the Data Set
Figure 1 shows the result of hierarchical clustering for
the 62 protein-DNA complexes. The number of clusters
in the hierarchical tree was selected as seven after ana-
lyzing the fusion coefficients of the clustering tree and
the intracluster distances from the k-means models.
We carried out a k-means cluster analysis in a recursive
manner with k = 2–10, and we found that k > 8 produced
outliers with a single member. The k-mean method takes
the input parameter, k, and partitions the total number of
objects into k clusters so that the intracluster similarity is
high and the intercluster similarity is very low. In fact, the
k-means algorithm computes the distance between
each object in the clusters and the means of all of the
clusters. If an object is found to be closer to a cluster
other than the one to which it presently belongs, it is re-
assigned to its closest cluster. In this way, the means of
all clusters were calculated and the partitions were suc-
cessively reassigned until the squared-error variance
converged toward a minimum, while the intercluster dis-
tance converged toward a maximum. The squared-error
criterion is defined asE =Si = 1,kSp˛Cijp2mij2, where E is
the sum of the square-error term for all objects in the
data set, p is the point in space that represents a given
object, and mi refers to the mean of cluster Ci.
The results of both hierarchical and k-means cluster-
ing analyses were used to determine the number of clus-
ters in the data set. For the hierarchical case, a bootstrap
validation as implemented in ClustanGraphics5 was car-
ried out after performing the Ward’s procedure. Here,
the bootstrapping process aims to identify partitions
that are farthest from random. The sequences of actual
fusion values obtained from the data set were compared
with hierarchical clustering sequences obtained by gen-
erating random trails of 120 trees up to the 25 cluster
level. The significance test with a t-statistic value of
2.57 at a departure from randomness was considered
to be significant. The results of the bootstrap validationcomparing the fusion coefficients for a data set of pro-
tein-DNA complexes with these values for randomized
subtrees are given in Figure 2A. The dark-gray area at
the bottom of the graph shows the fusion values calcu-
lated by using the actual data set that were divided into
a different number of clusters (k). The white band shows
the range of fusion values obtained from 120 trials of
randomizing the data; in this confidence interval, the
central line represents the mean of the fusion values
for each number of clusters, obtained from the random
trials. The width of the white band is one standard devi-
ation about the mean. The gray zones indicate where the
fusion values for the given data depart significantly from
random. In the present data set of protein-DNA com-
plexes, the significant departure from random occurs
within ten clusters only. We also analyzed the number
of clusters in the hierarchical tree by using the best-
cut procedure (Mojena and Wishart, 1980) as adopted
in ClustanGraphics5, which uses significance tests on
the fusion values and identifies the number of clusters
in the tree. The best-cut procedure suggested a model
with 12 clusters and an outlier, integration host factor
complex (PDB code: 1IHF), which had a t-statistic value
of 2.65 at the 5% significance level. Further, the model
could be truncated into nine clusters without an outlier.
The procedure was based on the upper tail method,
which uses the fusion values as a series and computes
the mean and standard deviation, and a t-statistic as
the standardized deviation from the mean. It then com-
putes the standard deviation for each fusion value on
this distribution, which is assumed to be normal, and se-
lects the first one as ‘‘significant’’ if its t-value exceeds
the 5% level.
Further, we analyzed the results of the k-means
method obtained by varying the value of k from 2 to
10. The mean intracluster distance was calculated for
each k-means model and plotted in Figure 2B. We found
that models with k > 8 resulted in outliers with a single
member and that a cluster model with k = 7 has the low-
est average intracluster distance among the models
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ters (k) as seven for the data set, and the seven cluster
members for hierarchical and k-means models are
grouped in Table 1. By comparing the cluster members
Figure 2. Estimation of the Number of Clusters in the Data Set of
Protein-DNA Complexes
(A) Bootstrap validation based on the results of hierarchical cluster
analysis. The dark-gray portion shows fusion values obtained from
original data as presented, the white band represents the range of
fusion values obtained from 120 trials of randomizing the data,
and the gray zones indicate where the fusion values for the given
data depart significantly from random.
(B) The intracluster distance is the average value of distances mea-
sured between cluster centroids and corresponding exemplars for
a particular cluster.from hierarchical and k-means models, we could ob-
serve more than 70% cluster membership conservation
across the six clusters. PDB codes in italics represent
matching members in the corresponding six clusters:
1, 2, 3, 4, 5, and 7 from the hierarchical method are com-
parable to 1, 7, 4, 3, 6, and 2, respectively, from the k-
means method (Table 1). Cluster 6 from the hierarchical
model and cluster 5 from the k-means model do not
have any matching members, as they dispersed with
other clusters that have shorter intercluster distances
in the k-means model, for example between clusters 3
and 6, 5, and 7 (see Table 4).
Statistical Validations and Intra- and Intercluster
Distances
Since we sought to establish a descriptive basis for the
classification of protein-DNA complexes and quantita-
tive results by using numerical descriptors, we adhered
to the results of k-means clustering for testing statistical
validations and interpreting the results. Moreover, there
is no provision for a relocation of objects that may have
been incorrectly grouped at an early stage of hierarchi-
cal clustering. However, the k-means partitioning refines
the cluster structure by relocating the members so that
each cluster become more compact and its members
become tightly situated around the centroid of the clus-
ter. Table 2 shows the list of 62 protein-DNA complexes
along with 11 parameters, which are grouped into 7 clus-
ters by using the k-means analysis. To validate the k-
means clustering model with k = 7, we carried out the
k-means analysis n times with n 2 1 cases, where n =
62, excluding one complex from the list at a time, and
we calculated the frequency of occurrence of each com-
plex for a particular cluster. This process is referred to as
the jackknife procedure and is used to establish the sta-
tistical significance. By using the results of jackknife cal-
culations, we quantified the cluster membership for
each member in the seven clusters. The conservation
of cluster membership (N) and intracluster distance (D)
for each protein-DNA complex in the seven clusters
are given in Table 3. The intracluster distance is theTable 1. Cluster Memberships for the Seven Clusters Identified by Hierarchical and k-Means Analyses
Hierarchical Clustering (Ward’s Method) PDB Codes
Cluster 1 1A02 1IF1 1PER 3CRO 1BER 1BHM 1XBR 2HDC 1A74 1C0W 1ECR 1PAR
Cluster 2 1B3T 1DP7 2BOP 1CJG 1OCT 1SRS 1MDY 1TRO 1PNR 1YUI 1CMA
1MHD 1TSR 1GAT 1HDD 2DRP 1FJL 1HCR 1HWT
Cluster 3 1AZQ 1CDW 1HRY
Cluster 4 1AAY 1D66 1PYI 1YSA 1PDN 1TC3 1BF5 1D02 1MSE 1UBD 1HLO
2GLI 1GCC
Cluster 5 1BL0 1REP 1PUE 1HCQ 1CF7 1LMB 1SVC 1TF3 1YRN
Cluster 6 1IGN 1MEY 1PVI
Cluster 7 1GDT 1MNM 1IHF
k-Means Clustering PDB Codes
Cluster 1 1A02 1BER 1BHM 1IF1 1PER 1TSR 1XBR 2HDC 3CRO
Cluster 2 1A74 1C0W 1ECR 1GDT 1IHF 1MNM 1PAR
Cluster 3 1AAY 1BF5 1D02 1D66 1GCC 1HLO 1MSE 1PVI 1PYI 1YSA 2DRP 2GLI
Cluster 4 1AZQ 1CDW 1HRY
Cluster 5 1FJL 1HCR 1HWT 1OCT 1PNR 1SRS
Cluster 6 1BL0 1CF7 1HCQ 1IGN 1LMB 1MEY 1PUE 1REP 1SVC 1TF3 1UBD 1YRN
Cluster 7 1B3T 1CJG 1CMA 1DP7 1GAT 1HDD 1MDY 1MHD 1PDN 1TC3 1TRO
1YUI 2BOP
PDB codes in italics denote 44 conserved members across 6 clusters in the 2 cluster models.
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PDB Code Protein Name Motif E/P M-cont m-cont TCD
Cluster 1
1A02 Fos/Jun/NFAT LZ E 24 2 0.68
1BER Catabolite gene activator protein HTH P 19 0 0.63
1BHM Endonuclease BamHI LSH P 25 3 1.06
1IF1 Interferon regulatory factor 1 HTH E 16 0 0.83
1PER 434 repressor-OR3 HTH P 24 0 0.85
1TSR p53 tumor suppressor LSH E 10 0 1.16
1XBR T domain (Brachyury TF) b barrel E 4 2 1.07
2HDC HNF-3/fkh TF Genesis Winged helix E 31 8 0.75
3CRO 434 Cro-OR1 HTH P 16 0 0.55
Cluster 2
1A74 Homing endonuclease I b ribbon E 25 3 0.56
1C0W Diphtheria toxin repressor HLH P 35 0 0.58
1ECR Replication terminator protein b ribbon P 18 9 0.71
1GDT Recombinase gd resolvase HTH P 29 17 0.33
1IHF Integration host factor b ribbon P 5 15 0.35
1MNM MATa2/MCM HTH E 27 20 0.28
1PAR Arc repressor b ribbon P 48 0 0.31
Cluster 3
1AAY Zif268 (three zinc fingers) ZF E 28 0 0.29
1BF5 STAT-1 b hairpin E 10 7 0.31
1D02 Endonuclease MunI HTH P 24 0 0.68
1D66 GAL4 ZF E 19 0 0.46
1GCC Aterf1-GCC-box binding domain b ribbon P 32 0 0.79
1HLO TF Max HTH E 24 0 0.21
1MSE c-Myb HTH E 31 2 0.48
1PVI PvuII endonuclease b hairpin P 62 1 0.49
1PYI Pyrimidine pathway regulator 1 ZF P 6 0 0.33
1YSA GCN4 LZ E 8 0 0.21
2DRP Tramtrack protein ZF E 19 0 0.38
2GLI Zinc finger protein GLI1 ZF E 33 0 0.27
Cluster 4
1AZQ Hyperthermophile Sac7d b barrel A 0 4 0.74
1CDW Human TBP core domain b ribbon E 0 15 0.81
1HRY Human SRY HMG box E 18 19 0.45
Cluster 5
1FJL Paired homeodomain HTH E 10 25 0.47
1HCR Hin recombinase HTH P 11 12 0.51
1HWT HAP1 ZF P 42 26 0.48
1OCT Oct-1 POU domain HTH E 11 6 0.36
1PNR Purine repressor HTH P 28 14 0.55
1SRS Serum response factor core Coiled coil E 3 11 0.31
Cluster 6
1BL0 MarA HTH P 15 0 0.68
1CF7 Transcription factor E2F-4 Winged helix E 15 2 0.64
1HCQ Estrogen receptor ZF E 37 0 0.83
1IGN Rap1 HTH E 68 12 0.42
1LMB lambda repressor HTH P 35 0 0.65
1MEY Consensus zinc finger protein ZF na 73 0 0.32
1PUE PU.1 ETS domain HTH E 23 0 0.87
1REP Replication initiation protein HTH P 21 3 0.74
1SVC Transcription factor NF-kB b barrel E 38 0 0.61
1TF3 Transcription factor IIIA ZF E 31 0 0.31
1UBD Human YYI ZF E 35 0 0.23
1YRN MATa1/a2 HTH E 19 9 0.74
Cluster 7
1B3T Nuclear protein EBNA1 b helix E 11 7 0.84
1CJG lac repressor HTH P 3 6 0.61
1CMA Met repressor-operator b ribbon P 8 0 0.67
1DP7 MHC class II TF hRFX1 Winged helix E 20 6 1.06
1GAT GATA-1 ZF E 15 2 0.57
1HDD Engrailed homeodomain HTH E 7 3 0.63
1MDY MyoD bHLH domain HTH E 22 0 0.23
1MHD Smad3 b hairpin E 20 0 0.76
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Rmsdcont-B Rmsdcont-A mgw Mgw GC% PD-Z DNA-Z DASA
2.62 5.96 5.38 11.28 27.77 23.36 21.83 4229
6.76 7.13 3.91 11.21 40.00 21.95 20.81 2803
2.46 5.47 6.00 14.13 40.00 22.88 21.25 4104
2.92 6.39 5.30 12.26 38.46 21.06 21.67 4241
3.29 6.80 5.58 11.85 26.31 22.45 21.10 2835
2.74 5.00 6.42 11.31 40.00 21.42 21.15 2109
4.52 5.66 6.83 11.79 21.05 22.04 22.37 4274
1.68 7.40 3.65 13.73 23.52 20.27 20.55 2884
2.99 6.54 5.55 11.71 26.31 22.04 0.26 2944
6.30 6.92 7.58 13.97 40.00 21.57 0.74 4339
5.73 6.22 8.21 12.27 38.09 20.51 21.50 5226
4.91 6.13 7.95 12.65 28.57 21.06 21.09 5122
8.45 7.85 7.16 11.51 34.28 21.98 21.72 5671
16.12 11.78 8.46 10.12 38.23 21.19 22.26 4911
5.92 8.10 6.14 11.36 32.00 24.38 22.96 6605
5.23 7.71 7.12 12.78 33.33 0.59 21.66 4193
2.06 3.53 7.80 11.29 80.00 22.96 21.11 2763
1.57 5.90 5.55 12.32 47.05 20.27 20.44 2076
1.99 5.89 7.43 12.54 60.00 1.08 20.13 2863
2.38 5.20 6.62 11.43 73.68 21.76 21.71 2539
1.63 4.25 6.08 11.55 72.72 20.76 1.33 1605
2.02 3.05 8.43 10.93 63.63 0.10 21.64 2545
2.57 4.89 5.62 12.84 45.45 20.36 22.00 2804
3.56 4.76 8.88 15.11 66.66 1.94 0.08 4365
1.48 5.03 5.74 11.74 57.14 22.85 20.65 1923
1.50 3.71 5.94 11.47 63.63 23.04 22.10 2283
1.68 3.17 6.52 11.95 38.88 21.36 22.28 1738
4.38 4.19 7.37 11.91 60.00 20.45 0.13 3241
4.51 2.22 11.61 14.08 25.00 20.90 20.64 1574
5.60 3.12 10.56 10.91 43.75 22.24 20.61 2976
4.48 2.05 12.98 10.56 50.00 20.16 20.85 2076
3.26 4.97 6.03 11.25 23.07 22.70 21.02 3513
1.30 4.98 6.10 11.05 23.07 21.76 0.42 2833
2.77 6.97 5.46 10.59 45.00 23.23 22.57 2603
2.31 7.85 6.01 12.00 35.71 21.58 22.14 3238
4.66 7.06 8.25 10.47 37.50 20.08 0.69 3665
3.32 7.40 6.19 11.12 44.44 23.04 22.37 4036
5.05 6.12 5.56 11.96 45.45 22.66 22.49 2443
1.87 7.15 5.55 12.67 46.66 23.22 23.69 2718
1.78 6.97 6.39 10.76 58.82 21.71 22.48 2553
3.04 7.13 6.20 13.01 66.66 20.83 22.20 4298
2.67 7.42 7.13 11.87 47.36 22.90 24.34 2978
2.71 4.97 6.62 12.88 50.00 23.61 22.22 2556
4.30 5.52 6.16 13.00 53.33 21.13 22.72 2057
3.80 6.36 6.83 11.77 52.38 21.96 23.15 2707
1.91 4.71 4.30 11.40 72.72 22.56 22.19 4118
3.66 5.67 5.52 11.45 60.00 23.20 22.32 3252
2.08 6.07 5.09 12.43 50.00 21.26 22.12 2863
1.85 4.60 5.93 11.48 47.05 25.92 22.87 3427
4.19 5.59 7.87 9.61 55.55 21.44 22.10 5386
4.58 6.67 7.65 11.57 45.45 21.13 21.44 3400
3.53 5.63 7.65 10.43 44.44 20.21 21.57 1769
2.86 5.49 7.98 10.27 50.00 20.76 20.73 3512
1.75 4.47 7.91 11.75 25.00 20.41 22.49 1985
3.05 4.64 6.99 11.63 30.00 21.07 23.69 2759
2.54 5.70 8.06 10.07 42.85 20.65 22.48 2676
2.01 4.82 6.78 10.88 38.46 21.86 22.20 1933
(Continued on next page)
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PDB Code Protein Name Motif E/P M-cont m-cont TCD
1PDN Paired domain (prd) HTH E 3 2 0.27
1TC3 Transposase HTH E 17 8 0.61
1TRO Trp repressor HTH P 19 0 0.25
1YUI GAGA-factor ZF P 23 5 0.31
2BOP Bovine papilloma virus-1 E2 b barrel E 20 0 1.12
Abbreviations for motifs: HTH, helix-turn-helix; ZF, zinc finger; HLH, helix-loop-helix; HMG, high-mobility group; LSH, loop-sheet-helix; LZ, leu-
cine zipper. Abbreviations for organisms: E, eukaryote; P, prokaryote. Abbreviations for descriptors: M-cont, number of major groove contacts;
m-cont, number of minor groove contacts; TCD, total contact distance; Rmsdcont-B, rms deviation from B-DNA (A˚); Rmsdcont-A, rms deviation
from A-DNA (A˚); mgw, minor groove width (A˚); Mgw, major groove width (A˚); GC%, GC content in percent; PD-Z, energy Z-score value for direct
interaction; DNA-Z, energy Z-score value for indirect interaction; DASA, interface surface area (A˚2) of a protein-DNA complex (see Experimental
Procedures for the details about each descriptor).geometric distance between each cluster member and
the corresponding cluster’s centroid, which is a measure
of the tightness of the clusters. The exemplar is one that
has the maximum or total conservation (Nmax = 62) and is
closest to the corresponding cluster’s center. The aver-
age conservation of cluster membership (AVER) ranges
from 65% to 98%, which can be calculated as (AVER/
Nmax*100). Using the results of jackknife calculations,
a 62 3 62 conservation proximity matrix is derived and
displayed by using ClustanGraphics5 as depicted in Fig-
ure 3. The proximity matrix diagram illustrates the con-
servation of cluster members; some of the members
within a cluster are much more highly conserved than
the rest of the cluster members, which are shown in
dark blue. The less conserved complexes are denoted
by the proximity matrix representation in light blue.
The red color denotes the members of protein-DNA
complexes that share cluster membership to more
than one cluster. The intercluster distances range from
0.519 to 2.785, as shown in Table 4, while the average in-
tracluster distances range from 0.086 to 0.485 (Table 3).
These numeric values suggest that complexes in the
same group are tightly clustered and that those between
different clusters are separated.
Cluster Profiles Reveal Common
Structural/Functional Properties
The cluster profiles obtained from the k-means analysis
reflect the way in which the descriptors are distributed
across the seven clusters (Table 5). Each number shown
in Table 5 is the average value of the pertinent descriptor
for the corresponding cluster along with the standard
deviation value (STDEV). The bold-faced numbers
show the maximum and minimum values for the 11 de-
scriptors among the 7 clusters. Most of the profile values
of the descriptors have several multiples of their STDEV
values. The higher STDEV value might indicate a smaller
subset with unusual values for the descriptor. A closer
examination of cluster profiles reveals the roles of vari-
ous parameters in different clusters and their interplay
in cluster formation and function. In the following sec-
tions, we describe in detail each cluster profile and its
role in protein-DNA interactions.
Cluster 1
There are nine members in the cluster. Five of these, in-
cluding four transcription factors Fos/Jun/NFAT (1A02),
interferon regulatory factor IRF-1 (1IF1), Brachyury T
domain (1XBR), HNF-3/fkh transcription factor Genesis
(2HDC), and a transcriptional activator Catabolite Acti-vator Protein, CAP (1BER), are involved in transcrip-
tional function. These five transcription-related proteins
have a variety of DNA binding motifs, including HTH, leu-
cine zipper (LZ), winged a helix, and b barrel (Table 2),
which generally bind to the major groove of DNA (Muller,
2001). The other 4 members include 434 repressor-OR3
(1PER), 434 Cro-OR1 (3CRO), endonuclease BamHI
(1BHM), and p53 tumor suppressor (1TSR). 434 repres-
sor and 434 Cro, which share the HTH motif, are found to
be topologically related by DALI procedure (Holm and
Sander, 1993). Endonuclease BamHI and p53 both
have a common core motif consisting of a central b sheet
with a helices on both sides (LSH). The cluster profile
(Table 5) shows that the cluster has the largest average
value of the major groove (12.14 A˚) as well as the small-
est average value of the minor groove (5.4 A˚), compared
with the corresponding average values of 11.69 and 6.9
A˚ for the 62 complexes. The average numbers of major
and minor groove contacts are 18.8 and 1.7, respec-
tively. These indicate larger major groove recognition
via DNA binding motifs than minor groove, where the
least numbers of contacts are made. The cluster is
also characterized by the lowest average value of GC
content (31.5%), which represents the AT-rich segment
of DNA targets. Accordingly, the minor groove contacts
in the AT-rich region of the binding site appear in the p53
(Cho et al., 1994), 434 repressor, and IRF-1 complexes
(Escalante et al., 1998). The other dominant parameter
profiling the cluster is TCD, with the highest average
value, 0.84. The energy Z-score values of direct and in-
direct interactions are 21.94 and 21.16, respectively,
which may imply prominent direct readouts in protein-
DNA recognition.
Cluster 2
The cluster has seven members and includes homing
endonuclease I-PpoI (1A74); diphtheria toxin repressor,
DtxR (1C0W); replication terminator protein, Tus (1ECR);
recombinase gd resolvase (1GDT); integration host fac-
tor, IHF (1IHF); ternary complex containing homeodo-
main repressor protein MATa2 and the MADS-box tran-
scription factor MCM1 (1MNM); and Arc repressor
(1PAR). The main feature of the complexes in this group
is the high conformational deformation of bound DNA
molecules, which are indicated by the highest average
rmsdcont-B and rmsdcont-A values, 7.52 A˚ and 7.82 A˚, re-
spectively, suggesting neither B form nor A form DNA
conformation. The deformation is exhibited through an
overall bending of 20–60 observed in the DNA helical
axis in these complexes (Dickerson, 1998); however,
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Rmsdcont-B Rmsdcont-A mgw Mgw GC% PD-Z DNA-Z DASA
2.53 5.17 7.94 11.14 61.53 22.00 24.34 2592
2.34 5.39 8.58 11.79 57.89 21.66 22.22 1957
3.79 6.33 6.89 10.63 33.33 21.28 22.72 3162
3.53 8.10 9.15 10.25 33.33 1.27 23.15 2326
3.64 6.05 6.96 9.63 75.00 20.85 22.19 2974an extreme change is seen for IHF, where DNA executes
a U-turn (>160) as it wraps around the protein (Rice
et al., 1996). The cluster has the largest average pro-
tein-DNA interface area, DASA, (5153 A˚2). So, the larger
conformational changes constrain DNA afar from both
the B and A forms and cause the formation of a huge
protein-DNA interface area. The average energy Z-score
value for the direct readout is21.44, while that value for
indirect readout is 21.49. These values imply a role for
both the direct readout and the indirect conformational
effects of DNA in protein-DNA recognition. This is sup-
ported by the significant number of specific contacts
at the major and minor grooves, M-cont and m-cont,
of 26.7 and 9.1, respectively. There is a predominant
mode of b ribbon-DNA interactions in the complexes
of I-PpoI, Tus, IHF, and Arc repressor. The HTH-DNA in-
teractions occur at the major groove in the complexes of
DtxR, gd resolvase, and MATa2. The lower average GC
content value of 34.9% indicates a TA richness of the
DNA binding sequence. Particularly, the AT binding
site preference is implicated for endonuclease activity
of I-PpoI (Flick et al., 1998) and DtxR-specific operator
(Pohl et al., 1999). Most of the group members show
slightly widened major and minor grooves, and the cal-
culated average widths of major and minor grooves
are 12.09 and 7.52 A˚, respectively, for this cluster
(11.69 and 6.9 A˚ are the average values for the 62 com-
plexes in the data set).
Cluster 3
Of the 12 members in the cluster, 5 of them are classical
Zn-fingers—Zif268 (1AAY), Gal4 (1D66), pyrimidine
pathway regulator 1 (1PYI), tramtrack protein (2DRP),
and five-finger Gli (2GLI). The other seven complexes
are STAT-1 (1BF5), MunI restriction endonuclease
(1D02), GCC-box binding protein (1GCC), max (1HLO),
c-Myb (1MSE), PvuII endonuclease (1PVI), and basic
leucine zipper GCN4 (1YSA). The cluster is uniquely
classified by the highest GC content, 60.7%, and a con-
siderably widened major groove width of 12.09 A˚. High
prevalence of the G$C sequence in these complexes
may favor retaining the B-DNA conformation and is re-
flected by the lowest average rmsdcont-B value, 2.24 A˚,
among the seven clusters. We find that the common
properties of such a widened major groove, GC-rich
site and B-DNA-like conformation, clearly group all of
the Zn-fingers and the related complexes into this clus-
ter. The finding that Zn-fingers and other complexes,
such as the leucine zipper in the cluster, share the B-
DNA conformation, containing a widened major groove,is reminiscent of an earlier study on the Zn-finger-DNA
and some protein-DNA complexes that revealed the
Beg-DNA structures (‘‘eg’’ stands for enlarged groove)
(Nekludova and Pabo, 1994). The present cluster also
has a relatively high number of major groove contacts
(M-cont of 24.7) and the lowest number of minor groove
contacts (m-cont of 0.8). The other characteristic pa-
rameter is TCD, with the lowest average value (0.41).
The average interface area, DASA of 2562 A˚2, is also
smaller for the cluster. The average energy Z-score
values for the direct and indirect readouts in the cluster
are 20.89 and 20.88, respectively.
Cluster 4
This smallest cluster has only three members: Sac7d
(1AZQ), TATA-box binding protein (1CDW), and hSRY-
HMG (1HRY). The cluster has the largest average minor
groove width, 11.7 A˚, which is almost the width of the
major groove (11.8 A˚), and it concomitantly has the low-
est rmsdcont-A value, 2.5 A˚, among the seven clusters.
These indicate a close A form DNA conformation for
the complexes. The high number of minor groove
contacts, 12.7, and the fewest average major groove
contacts, 6.0, in the cluster strongly group these pro-
teins into minor groove binders (Bewley et al., 1998). It
is worth noting that members of the present cluster
have the lowest average protein-DNA interface area,
DASA (2209 A˚2), whereas the other minor groove binding
proteins in cluster 2, such as IHF and gd resolvase, have
a larger average DASA value of >5500 A˚2.
Cluster 5
There are six cluster members that are related to
homeodomain proteins. The members are paired (PaX)
class homeodomain (1FJL); Hin recombinase (1HCR);
fungal transcription factor HAP1 heme activator protein
(1HWT); Oct-1 POU (1OCT); purine repressor, PurR
(1PNR); and human serum response factor, which is
a transcription factor belonging to the MADS domain
protein family (1SRS). Topology analysis of proteins in
the data set as performed by DALI (Holm and Sander,
1993) reveals the structural similarities between the
paired class cooperative homeodomain and the POU
domain. The overall structure of Hin recombinase
resembles both a prototypical bacterial HTH and the eu-
karyotic homeodomain, and, in many respects, it is an
intermediate between these two DNA binding motifs
(Feng et al., 1994). Interestingly, HAP1 has a binuclear
zinc cluster domain with a sequence of Arg-Lys-Arg-N-
Arg in the N-terminal arm that shows homology to the
N-terminal arms of homeodomain proteins interacting
Structure
1362Table 3. The Calculated Conservation and Intracluster Distances
of Cluster Members for the k-Means Model
PDB N D
Cluster 1
1A02 57 0.168
1BER 59 0.219
1BHM 54 0.223
1IF1 55 0.116
1PER 62 0.086
1TSR 40 0.213
1XBR 51 0.213
2HDC 56 0.262
3CRO 54 0.173
AVER 54.2 0.186
STDEV 6.2 0.056
Cluster 2
1A74 28 0.278
1C0W 28 0.200
1ECR 28 0.197
1GDT 62 0.146
1IHF 60 0.485
1MNM 56 0.328
1PNR 28 0.269
AVER 41.4 0.272
STDEV 16.8 0.112
Cluster 3
1AAY 53 0.215
1BF5 40 0.202
1D02 25 0.202
1D66 62 0.144
1GCC 44 0.267
1HLO 50 0.194
1MSE 24 0.175
1PVI 21 0.443
1PYI 47 0.202
1YSA 49 0.234
2DRP 42 0.212
2GLI 30 0.159
AVER 40.6 0.221
STDEV 12.9 0.077
Cluster 4
1AZQ 60 0.248
1CDW 62 0.168
1HRY 60 0.210
AVER 60.7 0.209
STDEV 1.2 0.040
Cluster 5
1FJL 62 0.186
1HCR 52 0.203
1HWT 56 0.272
1OCT 31 0.200
1PNR 43 0.260
1SRS 60 0.195
AVER 50.7 0.219
STDEV 11.8 0.037
Cluster 6
1BL0 53 0.171
1CF7 59 0.182
1HCQ 57 0.179
1IGN 36 0.327
1LMB 57 0.178
1MEY 56 0.291
1PUE 54 0.206
1REP 62 0.134
1SVC 56 0.210
1TF3 56 0.144
1UBD 52 0.181with a TA-rich DNA minor groove (King et al., 1999). The
similar minor groove interactions were also noted at the
carboxyl-terminal peptide of the Hin domain (Feng et al.,
1994), the hinge helices of PurR (Schumacher et al.,
1994), and serum response factor at TA-rich sites (Pelle-
grini et al., 1995). Therefore, these complexes with com-
mon functional interactions are grouped together, and
the common properties are reflected by the highest pro-
file value for the number of minor groove contacts, m-
cont of 15.7, among the seven clusters and the lower
GC content of 34.8% (Table 3), which represents the
TA-rich binding sites. Four of the homeodomain-related
proteins have an HTH motif and, combined with the
other two, make a significant number of major groove in-
teractions, M-cont of 17.5. The average DNA conforma-
tion in the cluster is closer to B-DNA, with an average
rms deviation value (rmsdcont-B) of 2.93 A˚. Further, this
group has the average energy Z-score values of 22.07
and 21.17 for the direct and indirect readouts, respec-
tively. The experimental observations indicate that
these types of homeodomain proteins can specifically
bind to DNA not only through direct contact with the ma-
jor and minor grooves, but also through indirect effects
(Wolberger, 1996). The smaller TCD value of 0.45 indi-
cates the compactness of the DNA binding proteins pro-
filing the present cluster.
Cluster 6
The cluster has 12 members. Of these, six complexes
have HTH motifs, four have Zn-finger motifs, and other
two have a winged helix and a b ribbon. Most of these
complexes in the cluster exclusively function as tran-
scription factors (Muller, 2001). Out of the 12 group
members, 9 of them are involved in different transcrip-
tional function. These include: transcriptional activator
MarA (1BL0), cell cycle transcription factor E2F-DP
Table 3. Continued
PDB N D
1YRN 51 0.290
AVER 54.1 0.208
STDEV 6.4 0.062
Cluster 7
1B3T 20 0.271
1CJG 34 0.148
1CMA 62 0.123
1DP7 20 0.212
1GAT 59 0.194
1HDD 52 0.149
1MDY 59 0.173
1MHD 58 0.156
1PDN 51 0.203
1TC3 58 0.179
1TRO 54 0.202
1YUI 48 0.275
2BOP 27 0.286
AVER 46.3 0.198
STDEV 15.5 0.052
PDB, Protein Data Bank code; N, the number of occurrences of
a member in a particular cluster as calculated by the jack-knife
procedure (Nmax = 62 for total conservation); D, the distance be-
tween a member and the centroid of the corresponding cluster,
(SI[xi 2 x]
2)1/2; AVER and STDEV denote the average and standard
deviation values, respectively, for each cluster. The PDB code in
bold face denotes the exemplar for each cluster.
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1363Figure 3. The Proximity Matrix Diagram for Conservation of Cluster Memberships in Seven Clusters
Conservation within clusters is shown in blue, and conservation across clusters is shown in red. The depth of shading indicates the level of
conservation.(1CF7), estrogen receptor from ligand-activated tran-
scription factor family (1HCQ), transcriptional regulator
Rap1 (1IGN), PU.1 ETS domain transcription factor
(1PUE), replication initiator protein (1REP), transcription
Table 4. Intercluster Distances between Cluster Centroids in the
k-Means Clustering Model
Cluster 1 2 3 4 5 6 7
1 0 1.205 0.966 2.476 0.76 0.635 0.631
2 0 1.921 2.756 0.986 1.438 1.34
3 0 1.823 1.119 0.638 0.519
4 0 2.002 2.785 1.441
5 0 0.962 0.645
6 0 0.622
7 0factor NF-kB (1SVC), TFIIIA (1TF3), and transcription ini-
tiator YY1 (1UBD). The other three complexes are l re-
pressor (1LMB), Cys2His2 consensus Zn-finger (1MEY),
and ternary MATa1/a2 homeodomain complex (1YRN).
The average values of the major and minor grooves
are 12.06 and 5.94 A˚, respectively, and those respective
average values are 11.7 and 6.9 A˚ for the 62 complexes
in the data set. The cluster has the highest profile value,
34.2, for the major groove contacts (M-cont), where HTH
or Zn-finger normally attacks the DNA, and the lower av-
erage value, 2.2, for the minor groove contacts (m-cont).
The average value of GC content is 54.2%, and this rel-
atively high occurrence of G$C bases favors the B-DNA
form, as the average rmsdcont-B value is 2.89 A˚ com-
pared to 6.06 A˚ for rmsdcont-A. The average energy
Z-score values for the direct and indirect readouts for
Structure
1364Table 5. The Cluster Profile of the k-Means Analysis Is Shown
Cluster M-cont m-cont TCD Rmsdcont-B Rmsdcont-A mgw Mgw GC% PD-Z DNA-Z DASA
1 18.8 (8.3) 1.7 (2.7) 0.84 (0.21) 3.33 (1.49) 6.26 (0.80) 5.40 (1.05) 12.14 (1.07) 31.5 (8.0) 21.94 (0.94) 21.16 (0.77) 3380 (827)
2 26.7 (13.4) 9.1 (8.4) 0.45 (0.17) 7.52 (3.96) 7.82 (1.91) 7.52 (0.79) 12.09 (1.23) 34.9 (4.1) 21.44 (1.54) 21.49 (1.15) 5153 (819)
3 24.7 (15.0) 0.8 (2.0) 0.41 (0.18) 2.24 (0.90) 4.47 (0.98) 6.83 (1.13) 12.09 (1.10) 60.7 (12.2) -0.89 (1.58) 20.88 (1.11) 2562 (752)
4 6.0 (10.4) 12.7 (7.8) 0.66 (0.19) 4.87 (0.64) 2.46 (0.58) 11.72 (1.21) 11.85 (1.94) 39.6 (13.0) 21.10 (1.05) -0.70 (0.13) 2209 (710)
5 17.5 (14.6) 15.7 (8.1) 0.45 (0.09) 2.93 (1.12) 6.54 (1.25) 6.34 (0.97) 11.08 (0.55) 34.8 (9.8) 22.07 (1.18) 21.17 (1.44) 3315 (534)
6 34.2 (19.0) 2.2 (4.1) 0.59 (0.21) 2.89 (1.09) 6.06 (0.99) 5.94 (0.79) 12.06 (0.73) 54.2 (8.65) -2.58 (1.39) -2.73 (0.69) 2997 (672)
7 14.5 (7.2) 3.0 (3.0) 0.61 (0.29) 3.10 (0.86) 5.70 (0.96) 7.72 (0.69) 10.74 (0.78) 45.6 (14.2) 20.93 (0.85) 22.41 (0.94) 2802 (966)
Each number refers to the average value of the pertinent descriptor for the corresponding cluster. The standard deviation values (STDEV) are
given in parentheses. The bold-faced numbers show the maximum and minimum values for the 11 descriptors among the 7 clusters. The units
for descriptors are as mentioned in Table 2.this cluster are22.58 and22.73, respectively, which are
the highest among the seven clusters. The transcription
factors in the cluster utilize both readout mechanisms to
perform the recognition of the specific target sites.
Cluster 7
This is the biggest cluster among the 7 and has 13 mem-
bers. The common structural features likely shared by all
of the cluster members are (1) a highly compressed ma-
jor groove, as evident from the lowest average value,
10.74 A˚, for major groove width (Mgw); (2) a relatively
wide minor groove with the average width (mgw) value
of 7.72 A˚; and (3) a smaller average protein-DNA inter-
face area (DASA) of 2802 A˚2. Six of the cluster members
use an HTH-motif including lac repressor (1CJG), en-
grailed homeodomain (1HDD), MyoD (1MDY), paired do-
main (1PDN), Tc3 transposase (1TC3), and trp repressor
(1TRO). Two complexes, erythroid transcription factor
Gata-1 (1GAT) and GAGA factor (1YUI), have different
Zn domains. The DNA binding modes and orientation
of the individual fingers for GATA-1 and GAGA factor
in this cluster are quite different from those of Zif268
and other Zn-fingers (Omichinski et al., 1992, 1997)
grouped in Cluster 3. Out of five other members, three
use a b hairpin for DNA interactions, and these are the
complexes with met repressor (1CMA), Smad MH1
(1MHD), and bovine papilloma virus E2 protein (2BOP).
Two complexes with Epstein-Barr virus nuclear antigen
1 EBNA1 (1B3T) and regulatory factor RFX1 (1DP7) form
a helix-DNA interactions. Among the members of this
cluster, we intriguingly find a subgroup that is mainly
related to viral function, namely, EBNA1 virus nuclear
protein, which activates DNA replication from oriP, the
latent origin of DNA replication in Epstein-Barr virus;
bovine papilloma virus E2 protein, which is structurally
homologous to the core domain of EBNA1 (Bochkarev
et al., 1996); and regulatory factor RFX1 (1DP7), which
is a transactivator of human hepatitis B virus enhancer
I. Many of the proteins in the cluster specifically use
b hairpins or loop fragments at the end of helices or
strands, and they require compressed major grooves
to fit snugly and to make specific contacts. The average
energy Z-score values for the direct and indirect read-
outs in the cluster are 20.93 and 22.41, respectively,
suggesting that the proteins largely recognize DNA via
an indirect manner. The conclusion about such a domi-
nant, indirect readout effect has been experimentally
verified for E2 papillomavirus complex with a series of
DNA binding sites by using the cyclization kinetics
method (Zhang et al., 2004).Discussion
We have applied the cluster analysis to protein-DNA in-
teractions by using several important structural param-
eters as descriptors. The cluster analysis allows us to
consider an arbitrary number of equally weighted pa-
rameters for the purpose of detecting relevant subgroup
clusters and identifying common properties and rela-
tionships. We identify 7 clusters in the data set of 62 pro-
tein-DNA complexes by using hierarchical and k-means
analyses. The jackknifing approach validates the clus-
tering results and finds that the cluster memberships
are conserved over 80%. The individual clusters have
characteristic structural properties in common, implying
that the modes of protein-DNA recognition are distinct
among different clusters. We find some general trends:
for example, homeodomains are associated with TA-
rich sequences and the highest profile value for the num-
ber of minor groove contacts; Zn-fingers involve GC-rich
binding sites with an enlarged B-DNA conformation; and
transcription factor complexes with HTH motifs have
widened major grooves, whereas viral and other dis-
ease-related proteins prefer compressed major grooves
in which b hairpin motifs bind. Also, minor groove
binders are grouped into two major classes—one has
close A-DNA, and the other has highly deformed confor-
mations that have distinctly smaller and larger interface
areas respectively. Thus, the cluster analysis takes into
account a number of key parameters related to protein-
DNA interactions and enables us to mine the data for
patterns and relationships in the different groups. These
findings observed in different clusters would certainly
be hidden for other statistical analyses, which might
use a few parameters and focus on the full data set.
DNA binding proteins are usually classified according
to the structural motif of proteins. However, the conser-
vation of structural motifs in proteins may not necessar-
ily dictate the way by which DNA sequences are recog-
nized. For example, there are many members in
homeodomain, Zn-finger, and HTH families of proteins,
but their target DNA sequences, the way by which these
target sequences are recognized, and their biological
functions are significantly diverse among the members.
Thus, it would be more appropriate to classify the DNA
binding proteins based on distinct structural descriptors
characterizing protein-DNA recognition rather than the
properties of proteins alone. The present results show
that some proteins with the same motif are classified
into different clusters, whereas different proteins with
Classification of Protein-DNA Complexes
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suggesting that the motif-based classification of DNA
binding proteins may not necessarily correspond to
structural and functional properties characterizing pro-
tein-DNA recognition.
We have started with 22 parameters to describe the
characteristics of protein-DNA complex structures,
and we reduced this number by half by removing redun-
dancy. The choice of the descriptors is subjective and
somewhat arbitrary; thus, it may affect the result of clus-
ter analysis. However, we expect that the inclusion of
more parameters would not change the results drasti-
cally, since the number of independent parameters
would be limited. We have also considered 62 protein-
DNA complex structures, but inclusion of more struc-
tures may change the present results. This is related to
the number of representative DNA binding proteins
that can exist in the structurome. It is likely that many
DNA binding proteins would be classified into the clus-
ters we identified in the present study, as the present
data set covers a wide spectrum of known DNA binding
proteins. However, new clusters will emerge as a greater
number of unique protein-DNA complexes become
available, and these clusters will also refine the rules
and improve prediction of protein-DNA binding. We be-
lieve that the present approach based on the cluster
analysis that uses structural descriptors characterizing
protein-DNA interactions provides a potential frame-
work for identifying common properties and rules that
govern protein-DNA recognition.
Experimental Procedures
Data Set of Protein-DNA Complexes
We have considered the same set of 62 nonredundant protein-DNA
complexes that we used in our previous studies (Gromiha et al.,
2004b; Ahmad and Sarai, 2004). Briefly, this data set was created
as follows: we constructed a data set containing the structures of
52 protein-DNA complexes solved by X-ray and NMR methods for
an earlier study (Kono and Sarai, 1999). For the present study, we ini-
tially excluded these 52 structures as well as those for which the res-
olution data was poor (> 3.2A˚), from the protein-DNA complexes
available in the Protein Data Bank (PDB) (Deshpande et al., 2005).
The remaining set of complexes was individually screened against
the previously constructed set of 52 complexes by using FASTA
(Pearson and Lipman, 1988). Each complex with less than 25% iden-
tity was added to the original 52, eventually resulting in a unique set
of 62 protein-DNA complexes.
Descriptors Used for Cluster Analysis
For each protein-DNA complex, we calculated the following param-
eters by using atomic coordinates from the PDB (Deshpande et al.,
2005).
Number of Contacts: Descriptors 1–4
The total number of hydrogen bonds between DNA and protein with
the donor-acceptor distance cutoff value of 3.5 A˚ was calculated
with and without backbone atoms. The contacts were further
classified into DNA major (M-cont) and minor (m-cont) groove
contacts.
Total Contact Distance, TCD: 5
A statistical parameter, described by Zhou and Zhou (2002), involv-
ing interresidue contacts within the protein was developed for pre-
dicting the folding rate and is used in this study. The TCD parameter
represents the average sequence separation by contacting residues
within a cutoff distance, is calculated by using protein structural
information, and is successfully correlated with the experimentally
observed logarithmic values of protein folding rates.Rmsd-B and Rmsd-A: 6–11
Rmsd-B and rmsd-A are the root-mean-square deviation (rmsd)
values calculated by fitting the bound DNA structure to the canonical
B and A form DNA structures, respectively. Rmsd calculations were
done in three separate ways: by fitting the P atoms (rmsdP-B and
rmsdP-A), by fitting all atoms of the backbone (rmsdbb-B and
rmsdbb-A), and by fitting contact atoms (rmsdcont-B and rmsdcont-
A). The contact atoms are defined as the DNA atoms that make con-
tacts to protein within a distance of 3.5 A˚ in the complex. The canon-
ical B-DNA and A-DNA structures with the same sequence as that of
bound DNA were generated by using the biopolymer module of
SYBYL6.9 software (Tripos Inc., USA). The ProFit program was
used to perform the rmsd calculations, and the superimposition pro-
cedure, performed by fitting the atoms in ProFit, was carried out by
using the McLachlan algorithm (McLachlan, 1982).
Widths and Depths of DNA Major and Minor Grooves: 12–15
The widths and depths of major (Mgw, Mgd) and minor (mgw, mgd)
grooves of the bound DNA were calculated by using the program
Curves 5.1 (Lavery and Sklenar, 1989), in which phosphorous atoms
were chosen as the reference atoms for measuring the groove width.
Bending: 16
The total bend along the helical axis of the DNA was calculated by
using Curves 5.1.
GC Content: 17
The GC content is the percentage value of GC in complexed DNA.
Z-Score, PD-Z: 18–20
Energy Z-score values were derived from the statistical interaction
potentials by using protein-DNA complex structures (PD-Z) (Kono
and Sarai, 1999; Selvaraj et al., 2002); this procedure quantifies the
specificity of direct readout of protein-DNA recognition. The energy
Z-score calculations were also performed by replacing the bound
DNA with the canonical B-DNA and A-DNA structures with the
same sequence, PDA-Z and PDB-Z, respectively.
Z-Score, DNA-Z: 21
Z-score values were derived from the sequence-dependent energy
function of DNA conformation (Gromiha et al., 2004b), which quan-
tifies the specificity of indirect readout of protein-DNArecognition.
DASA: 22
The protein-DNA interface area was calculated by subtracting the
solvent-accessible surface area (ASA) of the protein-DNA complex
from the sum of the ASA values of the separated protein and DNA
molecules. ASA values were calculated by using the web-based pro-
gram GETAREA1.1 (Fraczkiewicz and Braun, 1998).
A correlation analysis with all of the aforementioned 22 parame-
ters was performed in order to get rid of highly correlated ones. By
setting a threshold value of r = 0.40, we got the final set of 11 param-
eters that we chose for performing the clustering analysis, namely,
M-cont, m-cont, TCD, rmsdcont-B, rmsdcont-A, Mgw, mgw, GC%,
Z-score (PD-Z), Z-score (DNA-Z), and DASA. Even though
rmsdcont-B, rmsdcont-A, and DASA showed mutual correlations
among themselves, with the ‘‘r’’ values ranging from 0.40 to 0.53,
we decided to include them, as their values represent independent
properties. We combined all of the parameters with equal weight
for the cluster analysis in order to analyze their roles within the differ-
ent groups of protein-DNA complexes.
Clustering Methods and Distance Measures
Clustering normally refers to the identification of groups within
a data set such that similarities within the groups are significantly
larger than those between groups (Kaufman and Rousseeuw,
1990). Clustering algorithms can be broadly divided into two types:
hierarchical and partitioning (Han and Kamber, 2001). Hierarchical
clustering techniques proceed as either a series of successive
mergers or successive divisions (i.e., they are either agglomerative
or divisive). The agglomerative hierarchical approach starts with
the individual objects. The most similar objects are grouped first, af-
ter which the groups are successively merged based on their similar-
ities. The merging process continues until all groups have been
joined into a single cluster. At each stage of the clustering process,
the program computes a distance measure of choice, called the fu-
sion coefficient, which indexes the relative distance between the
two objects that were linked at each stage. Eventually, all subgroups
are fused into a single cluster. The divisive hierarchical method
works in the opposite direction, starting with all of the objects in
Structure
1366the same cluster. It then successively divides them up until each ob-
ject forms a group. Among the partitioning techniques, one uses the
k-means algorithm, which requires prior specification of the number
(k) of groups. The algorithm then uses the input parameter, k, and
randomly partitions a set of objects into k clusters. The objects are
then continually reassigned between the clusters to optimize an ob-
jective partitioning criterion, often called a similarity function, until
the clusters are as compact and separate as possible.
Among the available clustering algorithms, which one to use de-
pends both on the type of data to be analyzed and the purpose of
the clustering. Also, as cluster analysis is always used as a descrip-
tive or exploratory tool, it is permissible to employ several algo-
rithms with the same data set in order to get the best possible pic-
ture of its underlying structure. Since our data set contained
variables with different units and ranges of values, we first per-
formed a Z-score transformation that standardized the data. We
then used ClustanGraphics5, a cluster analysis software and
graphics tool (Wishart, 1999). The initial step in a cluster analysis
is to set up a proximity matrix, which we constructed by computing
squared Euclidean distances between all pairs of the 62 protein-
DNA complexes. We then used the Increase in Sum of Squares
method (also called Ward’s hierarchical method) as a linkage tech-
nique. This method tries to minimize the sum of squares of distances
between any two hypothetical clusters formed at each step, and it
tends to create clusters of a small size. A hierarchical clustering
tree was then constructed by using ClustanGraphics.
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